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Abstract.  In this paper, we describe a numerical method to model aperture structures and flow paths in single rock 
fractures based on actual fracture surface geometries and actual fracture permeability. Fracture surfaces were measured 
using a CCD laser displacement sensor (resolution: 10 µm) with 250 µm square mesh for 100 mm x 150 mm single 
tensile fractures in granite samples. Fracture permeability was also measured under 10-100 MPa confining pressure 
conditions. Aperture structures and flow paths were modeled numerically using the actual fracture surface geometries so 
that the model’s permeability consistent with actual fracture permeability. Channeling flows were clearly observed at all 
conditions because of heterogeneous aperture structures. The results also suggested that fracture permeability could be 
overestimated if based on the conventional parallel plate model using an arithmetic mean value of local apertures.  
Keywords: Channeling flow, Aperture structure, Flow path, Rock fracture, Numerical modeling 
PACS: 91.55.Jk 
INTRODUCTION 
Transport phenomena through a rock fracture in the 
earth’s crust are greatly influenced by spatial 
distributions of local apertures and contact points 
formed by two opposite fracture surfaces contacting 
each other (i.e. aperture structure) and flow paths 
resulted from the aperture structure. 
One of the methods used to understand the aperture 
structure is producing a replica of the aperture 
structure by casting such as using silicon rubber and 
measuring the thickness of the replica (Kostakis et al., 
2003). However, it is difficult to apply the method to 
the fracture under stress, and to measure the thickness 
with high spatial resolution. Therefore, it is useful to 
estimate the aperture structure with numerical 
simulation using fracture surface geometries (Sausse, 
2002).  
The results obtained by the simulations, however, 
should be verified by experimental measurements of 
fracture permeability under expected stress conditions 
that reflects the aperture structure and corresponding 
flow path. In addition, large fractures should be used 
in the experiments so that fracture permeability 
reflects heterogeneous aperture structures and flow 
paths such as channeling flow. Therefore, we have 
developed a new type of confining pressure vessel for 
simple and easy permeability measurement of a 
sample, containing a relative large fracture (100 mm x 
150 mm) under confining pressure conditions (Max. 
100 MPa). The new confining pressure vessel is called 
the Rubber-Confining Pressure Vessel (R-CPV). 
Previously, we have reported the development of the 
R-CPV, and measurements of fracture surface 
geometries and permeability were also performed for 
granite tensile fractures (Watanabe et al., 2004). 
Fracture surface geometries were measured using an 
apparatus with CCD laser displacement sensor 
(resolution: 10 µm) with 250 µm square mesh. 
Fracture permeability was measured under 10-100 
MPa confining pressure conditions. 
In this paper, we describe a numerical method to 
model aperture structure and flow path based on actual 
fracture surface geometries and actual permeability of 
a single rock fracture. Additionally, we show the 
results of modeling of aperture structure and flow path 
using the results obtained by Watanabe et al (2004). 
MODELING METHODS 
Algorithm 
The algorithm for the numerical modeling of 
aperture structures and flow paths is shown in Fig. 1. 
Measured fracture surface geometries and permeability, 
kσ, are used as input data. A two-dimensional (2-D) 
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aperture model with an arbitrary arithmetic mean value 
of local apertures, em, is generated from the fracture 
surface geometries. Flow analysis for the model is 
performed (calculation of steady state hydraulic 
pressure, Px, y, local flow rate, qx, y, total flow rate, Q), 
and model permeability, km, is evaluated. The model 
permeability, km, is compared with the actual fracture 
permeability, kσ. If the model permeability, km, 
coincides with actual permeability, kσ, then the model 
represents an adequate aperture structure, and 
corresponding result of flow analysis represents an 
adequate flow path.  If the model permeability doesn’t 
coincide with the any actual permeability, the model is 
inadequate, and a model with a different arithmetic 
mean value of local apertures is generated.  
Generation of two-dimensional (2-D) 
aperture model 
Assuming local apertures are vertical distance 
between an upper fracture surface and a lower fracture 
surface, local apertures at arbitrary points in x-y 
coordinate, ex, y, are expressed as 
 
,,,, yxyxyx zlzue −=  (1) 
 
where, zlx, y and zux, y are two digital data sets of (x, y, 
z) obtained for each fracture surface of a fracture, 
respectively (Fig. 2).  
Fracture opening and closing are simulated to 
generate models with different arithmetic mean values 
of local apertures. The fracture opening of 
displacement, δd, is simulated by adding δd to ex, y, 
and the fracture closing of displacement, δd, is 
simulated by subtracting δd from the ex, y. Local 
apertures are set to zero (i.e. contact points) during 
closing after the surfaces contact each other. This 
treatment for contact points is called the penetration 
(or dissolution) model (van Genabeek and Rothman, 
1999).  
Flow Analysis 
Flow analysis is performed using the D/SC 
(Deterministic / Stochastic Crack network modeler) 
that has been developed by Japan Petroleum 
Exploration Co., Ltd. for the Hot Dry Rock (HDR). 
The D/SC solves the equation of continuity at steady 
state in the 2-D aperture model using the finite 
difference method.  
Assuming that fluid is incompressible, local flow 
rate obeys Darcy’s law, and local permeability obeys 



















































where ex,y is local aperture, Px,y is hydraulic pressure, µ 
is fluid viscosity and dx, dy are constant x-y steps in 
measurements of  fracture surface geometries (Sausse, 
2002). This equation is solved based on no-flow and 
constant hydraulic pressure boundary conditions 
(constant hydraulic pressure drop, ∆P), which is the 
same as the boundary conditions in the experiments in 
Watanabe et al. (2004), and hydraulic pressure, Px,y, 
local flow rate, qx,y, and total flow rate, Q, are obtained 
(Fig. 3). In addition, the local apertures at the contact 
points are assumed 1 µm since this value is the 
minimum value available in the D/SC.  
Model permeability, km, is evaluated as follows. 
According to the Darcy’s law, fluid flow through the 
2-D aperture model can be expressed as  
  
 
FIGURE 2.  Relationship between two data sets of fracture
surface geometries, zlx,y and zux,y, and local aperture, ex,y.   
 
FIGURE 1.  Algorithm for numerical modeling of aperture
structure and flow path. 
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where Q is total flow rate, km is model permeability, A 
is the cross-sectional flow area, ∆P is constant 
hydraulic pressure drop, µ is fluid viscosity and L is 
length of the model. Assuming that a the model has a 
unique aperture of eh, which is defined as hydraulic 
aperture of fracture, the model permeability can be 





hek =                                     (4) 
 
Combining equations (3) and (4), and denoting the 
cross-sectional area as A=Weh, the hydraulic aperture 


















where W is length of the model orthogonal to the no-
flow boundary (Chen et al., 2000). Actual fracture 
permeability in Watanabe et al (2004) was also 
evaluated using these equations. 
RESULTS AND DISCUSSION 
Aperture structures and corresponding flow paths 
at confining pressure conditions, σ = 20, 60, 100 MPa, 
and offset conditions along fracture surfaces, d = 0, 1, 
5 mm, are shown in Fig. 4. These maps are 
approximately 100 mm x 150 mm and macroscopic 
flow direction is from bottom to top in each map. The 
maps of the aperture structure are represented as a 2-D 
distribution of local apertures, ex,y, from 1 to 10000 µm 
in gray scale. The maps of the flow field are 
represented as a 2-D distribution of local flow rate, qx,y, 
from 0.0001 to 1 in gray scale. The values of local flow 
rate were normalized by maximum value of each map.  
Channeling flows were observed at any given 
condition because of heterogeneity of aperture 
structures, and the feature of channeling flow varied 
with confining pressure and/or offset conditions.  
The relation between the ratio, eh/em, and confining 
pressure, σ, is shown in Fig. 5. The ratio, eh/em 
represents a degree of the influence of channeling flow 
on a fracture permeability prediction based on the 
conventional parallel plate model. Fracture 
permeability can be estimated accurately by equation 
(4) using the arithmetic mean value of local apertures, 
em, when the ratio, eh/em, becomes unity, while the 
permeability is overestimated when this value 
becomes smaller than unity. The ratio, eh/em, is smaller 
than unity at any given conditions. Therefore, the 
fracture permeability could be overestimated using the 
arithmetic mean value of local aperture, em, for the 
fractures under confining pressure conditions.  
FIGURE 4.  Aperture structures and corresponding flow 
paths at confining pressure conditions, σ = 20, 60, 100 MPa, 
and offset conditions, d = 0, 1, 5 mm. 
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SUMMARY AND CONCLUSIONS 
In this paper, we described a numerical method to 
model aperture structures and corresponding flow 
paths based on actual fracture surface geometries and 
actual fracture permeability. We also showed aperture 
structures and flow paths in 100 mm x 150 mm granite 
rock fracture with 250 µm x 250 µm x 10 µm 
resolution. Channeling flows were observed at any 
given condition, and the feature of the channeling flow 
varies with confining pressure and/or offset conditions. 
The results also suggested that fracture permeability 
could be overestimated using an arithmetic mean value 
of local apertures.  
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FIGURE 5.  Relationship between the ratio, eh/em, and 
confining pressure, σ. 
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